Miniature chromosome maintenance (MCM) proteins play critical roles in DNA replication licensing, initiation and elongation. MCM8, one of the MCM proteins playing a critical role in DNA repairing and recombination, was found to have overexpression and increased DNA copy number in a variety of human malignancies. The gain of MCM8 is associated with aggressive clinical features of several human cancers. Increased expression of MCM8 in prostate cancer is associated with cancer recurrence. Forced expression of MCM8 in RWPE1 cells, the immortalized but non-transformed prostate epithelial cell line, exhibited fast cell growth and transformation, while knock down of MCM8 in PC3, DU145 and LNCaP cells induced cell growth arrest, and decreased tumour volumes and mortality of severe combined immunodeficiency mice xenografted with PC3 and DU145 cells. MCM8 bound cyclin D1 and activated Rb protein phosphorylation by cyclin-dependent kinase 4 in vitro and in vivo. The cyclin D1/MCM8 interaction is required for Rb phosphorylation and S-phase entry in cancer cells. As a result, our study showed that copy number increase and overexpression of MCM8 may play critical roles in human cancer development. Role of MCM8 in cancers D-M He et al Role of MCM8 in cancers D-M He et al Role of MCM8 in cancers D-M He et al Role of MCM8 in cancers D-M He et al
INTRODUCTION
Cancer is one of the leading causes of death in the United States. It is estimated that 1 658 370 new cancer cases were diagnosed and 589 430 cancer deaths occurred in the United States in 2014. 1, 2 The understanding of the mechanisms that leads to the development of these lethal diseases remains incomplete. Prostate cancer is one of the most diagnosed cancers in men in the United States. Over 161 000 new cases of prostate cancer were identified in 2016, accounting for approximately 10% of all new cancer cases. Unfortunately, the disease is not always indolent; about 26 730 men are expected to die from prostate cancer this year. 3 Despite the high incidence of prostate cancer, the molecular mechanisms that underlie the aggressive behaviour of some prostate cancer cases remain unclear. Identification of the molecular events that trigger the aggressive behaviour of prostate cancer is crucial in reducing the mortality of this disease.
Comprehensive genomic and transcriptomic analyses of human cancers had revealed numerous numerical or mutational, or epigenomic, changes in the cancer genome that may drive gene expression alterations in cancers. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The pattern changes of gene expression and genome abnormalities may provide significant insight into the mechanism of human cancer development. However, the relationship between these abnormalities and behaviour of cancers remains unclear. To gain a clear and new understanding of the roles of these genes in the biology of human cancers, experimental analysis of these genes one at a time is required.
In this report, we performed meta-analyses of genome-wide copy number analysis on miniature chromosome maintenance (MCM) proteins and led to the identification of MCM8, a critical component of DNA replication licensing gene, [18] [19] [20] [21] amplified or gained in 17 human malignancies. Similarly, overexpression of MCM8 was found in a wide variety of human malignancies.
Overexpression of MCM8 was also identified in prostate cancer cell lines PC3, DU145 and LNCaP. Forced expression in immortalized prostate epithelial cell lines RWPE1 induced transformation, while knock down of MCM8 induced growth arrest of PC3, DU145 and LNCaP cells. It appears that MCM8 amplification and overexpression underlie the aggressiveness of prostate cancer.
RESULTS
Significant evidence suggests that amplification and overexpression of DNA replication licensing factor have been associated with aggressive human malignancies. [22] [23] [24] [25] [26] [27] [28] [29] [30] One of these DNA replication licensing factors, MCM7, had been well characterized to drive the aggressive behaviour in prostate cancer, colon cancer, lung cancer, ovarian cancer, bladder cancer, liver cancer and gastric cancer. 23, 25, [31] [32] [33] [34] [35] [36] [37] [38] To investigate whether other DNA replication licensing factors are also implicated in human cancers, we screened three data sets of prostate cancer. We found that MCM8, a DNA replication licensing factor involving replication elongation and DNA homologous recombination, were consistently upregulated in prostate cancer samples in comparison with normal prostate tissues (Table 1) . To investigate whether MCM8 is also similarly upregulated in other human malignancies, microarray data from European Bioinformatics Institute of EMBL were screened for MCM8 expression in a variety of human cancers. The analyses suggest that MCM8 is overexpressed in a large number of human cancers, including, breast cancer, non-small cell lung cancer, liver cancer, medulloblastoma and glioblastoma multiforme ( Table 1 ). The magnitudes of overexpression range from 2 to 5.2-fold, suggesting a wide significance of MCM8 overexpression in human malignancies.
To investigate the cause of MCM8 overexpression in prostate cancer, we analysed two prostate cancer copy number data set from University of Pittsburgh and the Cancer Genome Atlas (TCGA). The results showed that 19 and 8% of prostate cancer genomes have a gain of MCM8 genome copy, respectively. To examine whether other human malignancies also have similar gain of MCM8 gene copy number, we analysed additional large sets of Affymetrix SNP 6.0 arrays on 16 other human malignancies including glioblastoma multiforme, breast cancer, colon cancer, pancreatic adenocarcinoma, ovarian cancer, esophageal cancer, liver cancer, lung adenocarcinoma, lung squamous cell carcinoma, sarcoma, diffuse large cell lymphoma, thyroid cancer, rectal adenocarcinoma, acute myeloid leukemia and bladder cancer. The gain of MCM8 gene copy is widespread among human malignancies: ranging from 4.2% in thyroid cancer to 79.7% in rectal adenocarcinoma (Table 2 ). In some breast and colon cancer samples, up to 16 copies of MCM8 were found in the genomes of cancer cells, suggesting that the gain of MCM8 was the result of amplification of the genome sequence encoding MCM8 in some of these cancers. These analyses suggest that the copy number gain of MCM8 is probably the underlying mechanism of MCM8 overexpression in human malignancies.
Analysis of prostate cancer data set from TCGA indicates that gain of MCM8 is associated with higher Gleason's grade (P = 0.0007), more advanced pathological stage (P = 0.036) and more likely to have lymph node metastasis (P = 0.0025). The gain of MCM8 is also associated with higher level of residual tumours of lung adenocarcinoma (P = 0.002), lymph node metastasis (P = 0.03) and higher grades (P = 0.000098) of oesophageal cancer, more advanced stages (P = 0.00025) and more frequent lymph node metastasis (P = 0.0017) of colon cancer. The gain of MCM8 is also found disproportionately in ovarian cancer (P = 0.026) and uterine endometrial carcinoma (P = 0.0000024) that were presented as advanced stages of cancer at the time of diagnosis. Urothelial carcinoma with a gain of MCM8 also showed a higher level of aggressiveness by displaying frequent lymph node metastasis and recurrence of cancer after treatment (P = 0.049). These results indicate that gain of MCM8 is likely a marker for the aggressiveness of human cancers.
To validate the gain of MCM8 in prostate cancer, qPCR was performed using primers corresponding to intron16/exon17 region on 115 prostate samples, including 19 organ donor prostate tissue samples with ages ranging from 15 to 72, three benign prostate tissues adjacent cancer, and 93 prostate cancer samples. As shown in Figure 1a , the gain of MCM8 was not detected in any of the organ donor prostates and benign prostate tissues adjacent to cancer, while 52% (52/93) of the prostate cancer samples were detected with a gain of MCM8. Among those prostate cancer samples from patients that experienced recurrence of the disease after radical prostatectomy, the frequency of gain of MCM8 reached 70.5% (43/49) . In contrast, the rate of MCM8 gain was only 26.5% (9/34) for prostate cancers that did not reoccur for at least 5 years after the surgery. These results indicate a strong association between prostate cancer recurrence and the gain of MCM8 (P o 0.0001). To visualize the gain of MCM8 in prostate cancer samples, fluorescence in-situ hybridization (FISH) were performed using bacterial artificial chromosome (BAC) probe corresponding to genome region where MCM8 resides (Figures 1b and c). The results indicate MCM8 gain in 40% (8/20) of the samples examined: 83% (5/6) samples from patients who experienced prostate cancer recurrence had MCM8 gain in their cancer genomes, while only 21% (3/14) indolent cancer samples were positive of the gain of MCM8. Kaplan − Meier analysis based on the status of MCM8 gain showed that patients with MCM8 gain in their cancer genome had PSA-free survival rate of 33.3%, while patients with no MCM8 gain had the 5-year PSA-free survival rate of 74.5% (Figure 1d ), suggesting that the gain of MCM8 signals significantly poorer clinical outcomes (P = 7.8 × 10 − 5 ) for prostate cancer.
To examine whether MCM8 protein is overexpressed in prostate cancer samples, 533 prostate samples were examined for MCM8 expression through immunostaining using antibodies specific for MCM8 protein. The expression of MCM8 was quantified based on the number of cells positive for MCM8 staining: negative (0), focal positive (0.5), 1-20% cells positive (1), 20-50% cells positive (2), 50-80% cells positive (3) and more than 80% cells positive (4) . As shown in Figures 2a and b, most organ donor prostate cancers are only focally positive for MCM8 protein with an average score of 0.56. In contrast, a significant number of prostate cancer samples had the expression of MCM8 in more than 20%, with an average of scores of 1.6. The average of MCM8 expression scores for prostate cancer that proved recurrent reached 1.99. Higher MCM8 protein expression score is strongly associated with prostate cancers that had cancer recurrence (P = 3.5 × 10 − 15 ). To analyse the impact of MCM8 protein expression on PSA-free survival of prostate cancer, Kaplan − Meier analysis was performed based on MCM8 expression levels. As shown in Figure 2c , 42.4% patients with MCM8 expression scoring 2 or more survived 5 years without prostate cancer recurrence. In contrast, approximately 90% patients with MCM8 scoring less than 2 survived at least 5 years cancer-free. These results indicate that MCM8 overexpression had a significant negative impact on the prostate cancer prognosis (P = 9.25 × 10 − 13 ).
To investigate the biological role of MCM8 overexpression in prostate epithelial cells, RWPE1, the immortalized but nontransformed prostate epithelial cells, were transfected with pCDNA4-MCM8-FLAG. Fifteen colonies were screened for inducible expression of MCM8. Two clones were selected for further analysis (RM8#2 and RM8#9). As shown in Figures 3a and b , induced expression of MCM8 in RWPE1 cells resulted in an average of 2.5-fold (P o0.01) increase of S-phase and concomitant 32.6% (P o 0.01) decrease of G0/G1 phase cells. MCM8 expression increased colony formation by 2.8-fold (P o 0.01) and anchorage independent growth by 12.7-fold (P o0.01) of RWPE1 cells (Figures 3c and d ). Most non-transformed cells grow poorly in anchorage-independent growth assays. Dramatic improvement of anchorage-independent growth of RWPE1 cells induced by MCM8 clearly indicates that RWPE1 cells were transformed. MCM8 appears abundantly expressed in PC3, DU145 and LNCaP cells, in comparison with RWPE1 ( Figure 3a ). To assess the impact of MCM8 overexpression in prostate cancer, prostate cancer cell lines PC3, DU145 and LNCaP were transfected with pSingle-tts-siMCM8 that expresses an shRNA targeting at MCM8 mRNA upon the treatment of doxycycline (5 μg/ml). Two clones of each cell lineage were selected for analysis. Knocked down of MCM8 in PC3 (73% for M8P#5 and 71% for M8P#7) by shRNA specific for MCM8 reduced S-phase entry by an average of 51% (Po 0.01), and reduced colony formation by over 83% (Po0.01; Figures 3c and d) . These biological changes were accompanied by drops of DNA replication licensing of Cdt1 (average 66.7% for M8P#5 and M8P#7), MCM6 (average 59.2%) and MCM7 (average 78.7%), suggesting that downregulation of MCM8 have significant negative impact on DNA replication licensing. Similar results were also found when DU145 (51% knocked-down for M8D#1 and 75% for M8D#4) and LNCaP (65% for M8L#3 and 63% M8L#5) cells were knocked down with shRNA specific for MCM8: 65% drop (P o0.01) in S-phase cells and 94% drop (P o0.01) in colony formation for DU145, and 44% drop (P o 0.01) in S-phase cells and 91% drop (P o 0.01) in colony formation for LNCaP cells. Overexpression of MCM8 in non-transforming prostate epithelial cells RWPE1 (RM8#2 and RM8#9, average 2.3-fold) resulted in 2.5-fold increase of S-phase entry in average (Figures 3a and b ). These were also accompanied by significant increase of Cdt1 (45-fold), MCM6 (2.2-fold) and MCM7 (45 fold) licensing. Overexpression of MCM8 is clearly necessary for cancer cell growth and transformation. To investigate the impact of MCM8 overexpression on prostate cancer growth metastasis in vivo, M8P#5 and M8D#1cells were xenografted into the subcutaneous regions of severe combined immunodeficiency mice. These mice were treated with doxycycline to knock down the expression of MCM8 in these cancer cells. As shown in Figures 3e and f, mice treated with doxycycline water (5 μg/ml) had 74.3% (P o 0.01) decrease in tumour volume for M8P#5 cells and 65% (P o 0.01) decrease for M8D#1 cells, in comparison with the untreated controls. The mice treated with doxycycline water had 93.8% survival rate. In contrast, only 31% mice xenografted with tumour cells without treatment survived 6 weeks (P = 0.00015). These results suggest that MCM8 expression is crucial for cancer growth and aggressiveness.
To investigate the mechanism of MCM8-mediated cancer growth and transformation, yeast two-hybrid cDNA library from human prostate was screened for MCM8 interacting protein by pBD-MCM8full that expresses bait domain-MCM8 fusion protein (BD-MCM8). Thirty-one colonies were found to grow in most stringent selective medium and positive for β-galactosidase. Eleven unique clones were identified. One of these clones contains a cDNA encoding cyclin D1 (CCND1). To validate these results, pAD-CCND1 and pBD-MCM8 were co-transfected into yeast AH109 cells. Co-transfection of pBD-MCM8 (full length) and pAD-CCND1 showed positive galactosidase activity and grew in most stringent selective medium, while all negative controls were negative, confirming the initial yeast two-hybrid screening results (Figure 4a ). To test the binding between MCM8 and cyclin D1 in vivo, co-immunoprecipitations of MCM8 and cyclin D1 were performed on the protein extracts of PC3 and RWPE1 cells. As shown in Figure 4b , co-immunoprecipitation of MCM8 and cyclin D1 was readily apparent. To visualize whether MCM8 and cyclin D1 co-localize in the nucleus, double immunofluorescence staining using antibodies against MCM8 and cyclin D1 were performed in RWPE1 cells. As demonstrated in Figure 4c , MCM8 and a significant amount of cyclin D1 were colocalized in the nuclei. Similar colocalization results were obtained with PC3 cells (data not shown).
To validate the interaction between MCM8 and cyclin D1 in vitro, MCM8 coding region was segmented into four regions: MCM8N (aa2-204), MCM8M1 (aa205-409), MCM8M2 (aa409-618), MCM8C (aa615-880). These cDNA fragments were constructed into pGEX-5X-3 to create GST-MCM8N, GST-MCM8M1, GST-MCM8M2 and GST-MCM8C fusion proteins. These constructs were transfected into E. coli strain BL21. Each of these fusion proteins was induced to express with Isopropyl β-D-1-thiogalactopyranoside (IPTG), purified and assayed for their binding activity with recombinant HisTAG-cyclin D1 purified from bacterial protein extract. The results of the binding assays indicate that GST-MCM8M1 (aa408-618) bound with cyclin D1 in the cell-free system (Figure 4d ), while GST-MCM8N, GST-MCM8M2 and GST-MCM8C were negative in the binding assays. These results indicate that the cyclin D1 binding motif is located in the region of amino acids 205-409 in MCM8 protein. The interaction between MCM8 and cyclin D1 is direct. No 'bridge protein' is required in their interaction in vitro. A series of deletion mutants of GST-MCM8M1 were assayed to identify the motif that is required for interaction with cyclin D1. A stretch of 30 amino acid sequence located in 261-290 of MCM8 was found crucial for MCM8 binding with cyclin D1 because the fusion proteins with deletion of this sequence did not bind with cyclin D1, while all proteins containing this sequence bound with cyclin D1 (Figure 4d) .
Cyclin D1 is a binding protein and co-factor for cyclindependent kinase 4 (CDK4), 39 and plays a crucial role in promoting cell cycle entry to S phase through phosphorylation of retinoblastoma (Rb) protein. 40 Interestingly, in vitro binding assays indicate that the presence of MCM8 produced a multi-protein complex that includes CDK4, cyclin D1and MCM8 (Figure 5a ). To investigate whether binding of MCM8 with cyclin D1 has an impact on the kinase activity of CDK4, protein kinase assays were performed on recombinant CDK4/cyclin D1 protein with or without MCM8, using recombinant Rb as a substrate. As shown in Figure 5 , the presence of recombinant GST-MCM8 enhanced kinase activity of CDK4 and reduced the Km value by 6.8-fold (455 μM vs 3100 μM) in comparison with cyclin D1/CDK4 alone. These experiments suggest that MCM8 is a cofactor for enhancing the kinase activity of CDK4. In contrast, such enhancement of CDK4 kinase activity was abrogated when the cyclin D1 interaction motif was deleted from GST-MCM8 (GST-dMCM8, Figure 5b ). The peptide corresponding to aa261-290 of MCM8 blocked the kinase enhancement effect of MCM8 on CDK4/cyclin D1 complex (Figure 5b ). Co-immunoprecipitation analysis showed that MCM8 formed a large complex with cyclin D1, CDK4, p21 and p27 in PC3 cells (Figure 5c ), suggesting complex nature of these interactions. To investigate the impact of MCM8 on Rb phosphorylation in vivo, MCM8 mRNA was knocked down by induction MCM8 shRNA with doxycycline in M8P#5 (PC3) and M8D#1 (DU145) cells. As shown in Figure 6a , a decrease of MCM8 protein (490 for M8P#5 and 82% for M8D#1) level was accompanied by a reduction of Rb phosphorylation in both cell types. The in vitro CDK4 kinase activity also showed similar decreases when MCM8 was knocked down in these cell lines (Figure 6b) . These experiments suggest that the presence of MCM8 is essential for Rb phosphorylation. To examine whether binding of MCM8 with cyclin D1 is required for CDK4 kinase activation, a mutant MCM8 that contains only 31 amino acids from MCM8 (aa1261-290) and FLAG-TAG sequence was ligated into pCDNA4 to create pCDNA4-CBM-FLAG (cyclin D1 binding motif-FLAG) to interfere the binding between MCM8 and cyclin D1. The mutant was cotransfected with pCDNA6 into PC3 cells. Two clones were selected for further analysis. As shown in Figure 6a , induction of mutant MCM8 effectively decreased the phosphorylation level of Rb, in comparison with uninduced controls. Similar decreases were also identified in the in vitro kinase assays (Figure 6b ), while MCM8 mutant that contains no cyclin D1 binding motif had no impact on Rb phosphorylation (Figures 6a and b ), DNA replication licensing and cell cycle S-phase entry (Figure 3b ). These analyses support that MCM8/cyclin D1 interaction is crucial for CDK4 kinase activation. It appears that DNA replication licensing in vivo is also dependent on MCM8/ cyclin D1 interaction. Interestingly, overexpression of cyclin D1 partially reversed the inhibitory effect induced by MCM8 knockdown (58-65% for M8P#5 and 41-67% for M8D#1) in cell cycle analysis (Figures 6c and d) , probably due to forcing more CDK4/ cyclin D1 complex formation due to a larger quantity of cyclin D1. In addition, copy number analysis of TCGA data suggests that most samples with MCM8 gain contain at least one intact Rb copy ( Supplementary Table 1 ), supporting a clinical significance of MCM8/cyclin D1/CDK4/Rb signalling.
DISCUSSION
MCM8 is one of the DNA replication licensing factors participating in DNA replication initiation and elongation. [41] [42] [43] Recent studies suggest that MCM8 is recruited to the DNA repair site to facilitate DNA homologous recombination and double-strand breaks. 44, 45 Genome instability was identified in mice that are deficient in MCM8. 46 Mutations of MCM8 resulted in human gonadal failure. 47 To our knowledge, this is the first report showing that widespread gain and overexpression of MCM8 are present in human malignancies. Since the gain of MCM8 is associated with aggressive characteristics of several human cancers, it implies that the gain of MCM8 may play significant roles in driving the cancer metastasis. Most aggressive cancer genomes demonstrate extensive chromosome rearrangement, deletion and amplification of genes critical to cell survival, growth and migration. It is conceivable that overexpression of MCM8 may facilitate and exacerbate the process of chromosome rearrangement.
Cyclin D1/CDK4 complex has been a critical target by many proteins that regulate cell cycle progression, including p27, 48, 49 p16, 50 p21, 51 Hsp90, 52 ccdc37, 53 PCNA, 54 MyoD, 55 etc. MCM8 probably contains versatile functions beyond DNA replication licensing and repair. It is possible that MCM8 serves as one of the assembly factors in building CDK4/cyclin D1 complex since the presence of MCM8 enhanced the recruitment of CDK4/cyclin D1 complex. In addition, our analysis showed that MCM8 is crucial in CDK4 activation by significantly lowering the substrate threshold required for CDK4 kinase activation. Phosphorylation of Rb correlates with the level of MCM8. Indeed, forced expression of MCM8 in cancer cell lines resulted in dramatic increase of cell entry into S-phase in non-transformed cells, while knockdown of MCM8 generates growth arrest of cancer cells. These results indicate that MCM8 is essential for cell S-phase entry. Overexpression of MCM8 may produce two consequences: Promoting cell growth through increasing phosphorylation and inactivation of Rb molecule and promoting DNA recombination that produces abnormal chromosome rearrangements and mutations. As a result, abnormal expression of MCM8 could be one of the fundamental causes that initiate the carcinogenic process.
The underlying cause of MCM8 overexpression in human cancers is probably the gain of MCM8 gene copy in the cancer genome. For most cases, the increase of copy number of MCM8 appears moderate, estimated 3-4 copies per cancer genome. However, in some samples of breast and colon cancers, the copy number reached 16 copies per genome, clearly indicating amplification in the region of MCM8. The expression of MCM8 is inhibited during S-, G2-and early M-phase to prevent additional DNA synthesis. 56 Terminally differentiated cells do not express replication complex proteins. Amplification or gain of MCM8 may weaken the control of its expression. The continuing presence of MCM8 throughout the cell cycle may induce improper DNA synthesis that leads to genome instability of cancer cells, in addition to increased recruitment of larger proportion of cell population into the proliferation cycle. The association of MCM8 gain with some of the aggressive features of human cancers may indicate the significance of MCM8 in driving the behaviour of human cancers. Overexpression of MCM8 gene in prostate immortalized epithelial cells inducing marked transformation underlies the important role of this gene in cancer development. The significance of the discovery of MCM8 gain and overexpression in human malignancies not only lies at a new insight gained towards understanding the carcinogenic process of human cancers but also at identifying a new base to develop potential therapeutic intervention to treat cancers that overexpress MCM8 protein.
MATERIALS AND METHODS

Materials and cell lines
All cell lines, including PC3, Du145, RWPE1 and LNCaP were purchased from American Type Cell Culture (Manassas, VA, USA). PC3 cells were cultured with F12K medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA). DU145 cells were cultured with modified Eagle medium supplemented with 10% fetal bovine serum (Invitrogen). LNCaP cells were cultured with RPMI 1640 supplemented with 10% fetal bovine serum. RWPE1 cells were cultured with K-SFM supplemented with recombinant human Epidermal Growth Factor and Bovine Pituitary Extract. The genomes of these cell lines were tested for a short tandem repeat DNA profile on eight different loci (CSF1PO, D13S317, D16S539, D5S818, D7S820, THO1, TPOX and vWA) of the genomes by PCR using the primer sets for CSF1PO, D13S317, D16S539, D5S818, D7S820, TH01, TPOX, vWA recommended by ATCC on 22 April 2016 (latest). These cell lines were authenticated because the short tandem repeat profiles of the cell lines perfectly matched those published by ATCC. All antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), including: antibodies for MCM6 (sc-55577), MCM7 (sc-9966), MCM8 (sc-47117), Cdt1 (sc-28262), CCND1 (sc-20044), p27 (sc-1641), p21 (sc-6246), CDK4 (sc-136241), Rb (sc-102), pRb (sc-271930) and β-actin (sc-47778).
Sample preparation
Fresh prostate cancer tissues were prepared as described previously. 11, 12 Tumour samples were microdissected to 70% purity for qPCR analysis. Formalin-fixed and paraffin-embedded tissues were used in FISH assays. One hundred and thirty-three samples including 93 prostate cancers, three benign prostate tissues adjacent to cancer and 19 normal prostate samples from healthy organ donors were examined. The construction of microarrays of prostate tissues was previously described. 25 The procedure of tissue collection, de-identification and experimental protocols were approved by institutional review board of University of Pittsburgh.
Fluorescence in-situ hybridization and SYBR-green real-time quantitation PCR
The similar procedure was previously described. [12] [13] [14] The FISH probe was prepared by combining 7 ml of SpectrumOrange-labelled BAC sequence containing MCM8 (RP11-1203216, Invitrogen, Inc, Grand Island, NY, USA)/ 50% formamide with 1 ml of direct-labelled CEP20 SpectrumGreen (Vysis, Downers Grove, IL, USA). The cutoff for a gain of MCM8 is an average of at least 2.5 copies per genome (for detailed procedure, please see Ren et al 25 ) . For quantitative RT-PCR, QuantiTect SYBR Green RT-PCR Kit (Qiagen, CA, USA) was used, and the reaction was carried out in an Eppendorf Realplex Mastercycler machine (Thermo-Fisher, Inc Waltham, MA, USA). The procedure was similar to those previously described. 25 The assays were performed with 100 ng genomic DNA for all of the experimental and control samples. MCM8 amplification was performed with primers CTATGGCAGTGCTACATTGGG/CCTGTTGCTCATTCCAGAACC for 45 cycles of the following program: 94°C for 10 s, 62°C for 5 s, and 72°C for 10 s. A separate quantification of β-actin DNA copy was also performed in parallel with MCM8 analysis using the following primers TCTTTGCACTTTCT GCATGTCCCC/GTCCATCACGATGCCAGTGGTAC.
Plasmid construction
For construction of pBD-MCM8full fusion protein, a mutagenic primer set (5′-TGTGGCCTATAATCATATGAATGGAGAGTATAGAGGC-3′ and 5′-TTCATTT CAAGCAAAGTCGACTCTGCAATAAACCCAGGAGGC-3′) was used. PCR was performed on the cDNA template from the donor prostate (Clontech, Mountain View, CA, USA) using the following conditions: 94°C for 1 min, followed by 35 cycles of 94°C for 30 s, 68°C for 3 min, and a final 3-min extension step at 68°C. The PCR product was restricted with Nde1 and Sal1 (New England Biolabs, MA, USA), gel purified, and ligated into a similarly digested pGBKT7 vector. The fusion protein contained 840 amino acids from the MCM8.
For the construction of pGST-MCM8N, a GST fusion protein, a mutagenic primer set (5′-AGGAATTCCCGGGTCGACAATGGAGAGTATAGAGGC-3′ and 5′-AGTCACGATGCGGCCGCCAAAGGCTCATAGTTGTACAC-3′) was used. PCR was performed using these primers under the following conditions: 94°C for 1 min, followed by 35 cycles of 94°C for 30 s, 68°C for 3 min, and a final 10-min extension step at 68°C. The PCR product was then ligated into a pCR2.1 TA cloning vector (Invitrogen). A similar strategy was used for constructing pGST-MCM8M1, pGST-MCM8M2 and pGST-MCM8C using the following pair of primers: AGGAATTCCCGGGTCGACACACAGCTCAAGAAT GTCAGA/AGTCACGATGCGGCCGCCCGAGTTGACAATGAGTTTAAAC for pGST -MCM8M1, AGGAATTCCCGGGTCGACtCGCTTTGCCCTGTCATTTTTG/AGTCAC GATGCGGCCGCCTCTCTGCTTTCCAGCTCTTATTG for pGST-MCM8M2, and AGGAATTCCCGGGTCGACGGAAAGCAGAGAACCATTAGC/AGTCACGATGCG GCCGCCTCTGCAATAAACCCAGGAGGC for pGST-MCM8C. The inserts of these plasmids were retrieved with Sal1 and Not1 and were ligated into a similarly restricted pGEX-5x-3 vector. A series of deletions, including 5′ or 3′ deletions, of pGST-MCM8M1 were then constructed using the primer sets listed in Table 3 . The procedures for constructing these mutants are similar to that described for pGST-MCM8N. E. coli BL21 cells were transformed with these mutant constructs for induction of recombinant protein expression.
Construction of MCM8 expressing cell lines
MCM8 cDNA was obtained by extended long PCR (Roche Applied Science, NJ, USA) using primers (AGAAGCTTCCAGTTGTGAACTAGGAGAGC/AG CTCGAGCATAGTTTGAAGCTGGTAAACTTTTGGGC) on cDNA templates from donor prostate tissue. The PCR product was digested with HindIII and XhoI and ligated into a similarly digested pCDNA4-FLAG vector. This construct and pCDNA6 were transfected into RWPE1 cells, the immortalized prostate epithelial cell line with low MCM8 expression, using superfect kit (Invitrogen). The transformed cells were cultured with 100 μg/ml zeocin and 5 μg/ml blasticidin. Colonies were selected for MCM8-FLAG expression in the presence of (5 μg/ml) tetracycline.
To construct the vector that expresses shRNA specific for MCM8, the following oligonucleotides were used: 5′-tcgagctctcaattccaaccttgctcgtgccg aagcacgagcaaggttggaattgagaga-3′/5′-agcttctctcaattccaaccttgctcgtgcttcgg cacgagcaaggttggaattgagagc-3′. These primers were annealed and ligated 
Immunoblot detection of MCM8, chromatin association and coimmunoprecipitation
The procedure of MCM8 immunoblotting is similar to previously described. 25 The primary mouse anti-MCM8 antibody was obtained from Santa Cruz Biotechnology. The MCM8 expression was detected with the ECL system (Amersham Life Science, Marlborough, MA, USA) according to the manufacturer's protocols. Co-immunoprecipitation and chromatin association analyses were performed similarly to those previously described. 57 Cell cycle analysis The similar procedure was described previously. [58] [59] [60] [61] Briefly, cells were cultured to 40-50% confluence. These cells were synchronized with medium containing no serum for 24 h to G 0 phase. The cells were then stimulated with 10% fetal bovine serum for 4 h and labelled with 5-Bromo-2-DeoxyUridine (10 μM). The cells were then harvested and stained with propidium iodide/Triton X-100. BrdU labelling and nuclei were quantified using a FACSCalibur Automated Benchtop Flow Cytometer (Becton Dickinson, MA, USA), and analysed by WinMDI 2.9 program.
Immunohistochemistry and tissue array analysis
The clinical features of these cases were tabulated in Table 4 . The procedure was described previously. 62, 63 The expression of MCM8 was graded as 0 (0%), 0.5 (focal positive), 1 (o20%), 2 (20-50%), 3 (50-80%) or 4 (480%) based on % cells positive. The scores were the averages of two independent observers.
Tumour growth and spontaneous metastasis
Power analysis were performed based on the assumption that 75% mice xenografted with M8P#5 and M8D#1 without doxycycline treatment may die in 6 weeks, while mice treated with doxycycline may have a mortality of 27% in the same period. Thus, a total of 32 mice (3 weeks old) were used. All severe combined immune-deficient (SCID) male mice (Taconic, Germantown, NY, USA) were chosen due to the relevance of prostate cancer. No randomization was performed due to inbred nature of the SCID mice. These mice were subcutaneously implanted at the abdominal flank with~1 × 10 7 viable cells. The detailed procedure of xenograft tumour monitoring was described previously. 25 I, II VS III, IV) , ajcc_metastasis_pathologic_pm (M0 VS M1), lymph_nodes_examined_he_count (0 VS others), tumour_grade (G1, G2 VS others), residual_tumour (R0 VS others), pathologic_N (N0 VS others), pathologic_T (T2 VS higher), clinical_stage (Stage I, II VS others), gleason_score (for PRAD, o = 7 VS higher), aggressive (new_tumour_ event_dx_indicator is 'Yes', lymph_nodes_examined_he_count is non-zero, lymph_nodes_examined is not 1 VS new_tumour_event_dx_ indicator is 'No', lymph_nodes_examined_he_count is non-zero, lymph_nodes_examined is not 0 or 1). For lymph_nodes_examined, Wilcoxon rank sum test was applied. These association P-values were adjusted by the Benjamini − Hochberg method for multiple comparisons.
Survival analysis
The samples were divided into A (red) and B (blue) group and Kaplan − Meier survival curves were plotted. Groups were segregated based on MCM8 gain or non-gain status (Figure 1 ) or MCM8 expression score ⩾ 2 or o2 status ( Figure 2) or treated with or without doxycycline ( Figure 3 ). The P-value by the log-rank test was calculated to indicate the significant level of the difference between these two groups.
Yeast two-hybrid library screening
The yeast competent cell preparation and the procedure of yeast twohybrid cDNA library screening were described previously. 64 Fresh AH109 competent cells (100 μl) were co-transfected with pBD-MCM8full (0.5 μg) and 0.5 μg DNA from prostate yeast two-hybrid cDNA library constructed in pACT2. The transformants were plated on the high stringency selection plate (SD-Ade/-His/-Leu/-Trp). The grown colonies were then assayed for βgalactosidase as described previously. 64 Thirty-one transformants were found positive for β-galactosidase and grown in most stringent selection condition. Through restriction enzyme cutting pattern analysis, 11 transformants were found unique. One of these transformants was identified as a clone containing cyclin D1 cDNA in frame with the activation domain of GAL4.
In vitro kinase assay
